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Abstract In fungi, vegetative incompatibility is a conspe-
ciWc non-self recognition mechanism that restricts forma-
tion of viable heterokaryons when incompatible alleles of
speciWc het loci interact. In Podospora anserina, three non-
allelic incompatibility systems have been genetically deW-
ned involving interactions between het-c and het-d, het-c
and het-e, het-r and het-v. het-d and het-e are paralogues
belonging to the HNWD gene family that encode proteins
of the STAND class. HET-D and HET-E proteins comprise
an N-terminal HET eVector domain, a central GTP binding
site and a C-terminal WD repeat domain constituted of tan-
dem repeats of highly conserved WD40 repeat units that
deWne the speciWcity of alleles during incompatibility. The
WD40 repeat units of the members of this HNWD family
are undergoing concerted evolution. By combining genetic
analysis and gain of function experiments, we demonstrate
that an additional member of this family, HNWD2, corre-
sponds to the het-r non-allelic incompatibility gene. As for
het-d and het-e, allele speciWcity at the het-r locus is deter-
mined by the WD repeat domain. Natural isolates show
allelic variation for het-r.
Keywords Vegetative incompatibility · Podospora 
anserina · HNWD gene family · Non-self recognition
Abbreviations
Het Heterokaryon incompatibility gene
VI Vegetative incompatibility
PCD Programmed cell death
Introduction
All living organisms have developed mechanisms to recog-
nize self from non-self, ranging from restriction modiWca-
tion systems in bacteria (Tock and Dryden 2005) to the
highly reWned immune system in mammals (Maizels 2005;
Tock and Dryden 2005). In eukaryotes, the recognition sys-
tems usually rely on the same basic principle: the produc-
tion of polymorphic proteins able to recognize variant non-
self molecular markers in order to activate the appropriate
cellular response [for reviews (Maizels 2005; Schwessinger
and Zipfel 2008)]. Genes encoding for such recognition
proteins are frequently members of gene families. DiversiW-
cation of these recognition molecules is ensured by special-
ized molecular mechanisms such as somatic hypermutation
and recombination (Maizels 2005; Mondragon-Palomino
and Gaut 2005).
In Wlamentous fungi conspeciWc non-self recognition
(recognition of diVerent individuals within the same spe-
cies) takes the form of so called vegetative incompatibility
phenomena (VI). Fungi colonize their environment by
developing a syncytial structure called the mycelium, a net-
work of interconnected Wlaments. Individual Wlaments from
the same species can fuse by anastomosis irrespective of
their genetic backgrounds (Glass et al. 2004). In other
words, genetically diVerent mycelia can anastomose, and
Sequence data reported here are available in the Genbank database 
under accession numbers FJ269240 and FJ269239 for het-r and het-R, 
respectively.
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heterokaryon [for review (Saupe et al. 2000; Glass and
Dementhon 2006; Pinan-Lucarré et al. 2007)]. VI is geneti-
cally controlled by speciWc heterokaryon incompatibility
loci (het), and expression of incompatible alleles in the
same cytoplasm triggers a localized programmed cell death
reaction (PCD) [for review (Pinan-Lucarré et al. 2007)].
The biological function of VI remains unclear but one of its
consequences is to limit the horizontal propagation of dele-
terious cytoplasmic elements such as mycoviruses (Debets
et al. 1994; Cortesi et al. 2001; Biella et al. 2002; Milgroom
and Cortesi 2004).
het loci have been characterized in all fungal species
where they have been sought, and generally, each species
displays about half a dozen to a dozen such genes. So far,
only a small set of het loci have been characterized at the
molecular level and only in Neurospora crassa and Podos-
pora anserina. These het loci share two characteristics:
Wrst, nearly all these systems involve a fungal speciWc pro-
tein domain termed the HET domain (Smith et al. 2000),
that triggers a PCD identical to VI when expressed in
P. anserina (Paoletti and Clavé 2007); second, het genes all
appear to be extremely polymorphic. In a number of cases
it could be shown that the highly polymorphic regions
ensure recognition. Vegetative incompatibility systems can
thus be viewed as modular systems that combine a recogni-
tion module (the highly polymorphic domains) to a death
eVector module (the HET domain) (Kaneko et al. 2006;
Paoletti and Clavé 2007). In a number of cases there is now
strong evidence that het genes are evolving rapidly (Saupe
et al. 1996; Paoletti et al. 2007). These genes are under par-
ticular evolutionary regimens characterized by positive
diversifying selection and/or balancing selection favouring
diversiWcation and maintenance of high levels of polymor-
phism (Saupe et al. 1995a, b; Wu et al. 1998; Paoletti et al.
2007).
In P. anserina the het-c/het-d and het-c/het-e and het-r/
het-v are non-allelic VI systems, where co-expression of
incompatible alleles of diVerent loci results in VI [Fig. 1;
(Saupe et al. 2000; Glass and Dementhon 2006)]. In appro-
priate crosses, these non-allelic systems will produce F1
progeny that harbour incompatible alleles at these loci.
Soon after germination of such spores growth stops and the
PCD will develop, resulting in a characteristic Self Incom-
patible (SI) phenotype. These three non-allelic systems
share two essential properties. First, they can be suppressed
by a combination of the same mutations in genes mod-A
and mod-B, pointing to the existence of a common cellular
mechanism in all three systems (Belcour and Bernet 1969;
Bernet 1971). Second, these incompatibility systems appear
genetically unstable. When het-c/het-d, het-c/het-e or het-r/
het-v SI spores are produced, escape from cell death by
mutation in het-d, het-e or het-r is frequent (Labarère
1978), pointing at some sort of genetic instability in these
genes. Three of these non-allelic incompatibility genes
have been characterized. het-c encodes for a glycolipid
transfer protein (Saupe et al. 1994). het-d (Saupe et al.
1995a, b) and het-e (Espagne et al. 2002) are paralogues,
and analysis of the recently sequenced P. anserina genome
(Espagne et al. 2008) revealed that they belong to a gene
family termed HNWD containing Wve members [Fig. 1;
(Paoletti et al. 2007)]. Members of this family share a
N-terminal HET domain, a central NACHT domain with a
GTP binding site essential for VI (Espagne et al. 1997;
Koonin and Aravind 2000), and a C-terminal WD domain
made of a variable number of tandemly repeated WD40
Fig. 1 Incompatible interactions and alleles at HNWD loci. a The non-
allelic incompatibility between het-R and het-V alleles is represented
by a plain arrow. The het-V allele is also involved in an allelic
incompatibility reaction with het-V1 as represented by the dashed
arrow. b Schematic representation of the HNWD gene structure of the
sequenced S strain. c PCR ampliWcation of the WD repeat domains of
the HNWD1, HNWD2 and HNWD3 loci from strains het-R het-V1 and
het-r het-V strains, labeled R and r, respectively
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WD domain of het-d and het-e deWnes the speciWcity of
interaction with het-C alleles (Saupe et al. 1995a, b;
Espagne et al. 2002). We have previously reported that a
combination of original evolutionary mechanisms governs
the generation of extensive polymorphism at loci of the
HNWD family. Repeat units are constantly exchanged both
within and between members of the gene family. SpeciWc
positions at the protein/protein interaction surface of the
WD repeat domain are under positive diversifying selection.
DiversiWcation of het-d and het-e is thus ensured by high
mutation supply, followed by reshuZing of the repeats and
positive selection for favourable variants (Paoletti et al. 2007).
Herein, we have explored the hypothesis that additional
members of the HNWD gene family might also display a
function in heterokaryon incompatibility. We report that
indeed the HNWD2 gene is allelic to the previously geneti-
cally characterized het-r heterokaryon incompatibility
locus. As other het genes het-r appears to be polymorphic
in natural isolates.
Materials and methods
Strains, incompatibility relationships and media
Crosses are performed either by confronting strains of
opposite mating type on a plate, the perithecia then devel-
oping in the contact zone, or by fertilising a female strain
with a suspension of conidia washed oV the male isolate
with sterile water. P. anserina produces mature perithecia
enclosing mostly asci with four binucleated spores, and
occasionally asci containing Wve spores, two of which
being homokaryotic. Note that the genome of the S strain of
P. anserina was sequenced (Espagne et al. 2008). The S
strain is expected to be nearly isogenic to the s strain except
for the het-s incompatibility locus, and behaves as the het-r
het-V strain as far as incompatibility at the het-r and het-v
loci is concerned. The media and growth conditions have
already been described elsewhere (http://podos-
pora.igmors.u-psud.fr/). Other strains used in this study are
listed in Table 2.
Nucleic acid manipulation and nomenclature
Routine genomic DNA extractions were performed as
described by (Lecellier and Silar 1994), or using the
DNeasy Plant Mini Kit (Qiagen) when high quality DNA
was necessary. PCR was performed using the Expand Long
Template PCR System (Roche), according to the manufac-
turer recommendations. Time for DNA extension was
adjusted according to the length of the fragment to amplify.
Electrophoresis of PCR products was performed on 0.8%
agarose gels. PCR products were gel puriWed and cloned
either in the pCR-XL-TOPO vector (Invitrogen) or in the
pGEM-T vector (Promega). For WD repeat sequences, we
systematically sequenced cloned DNA fragments ampliWed
from two independent PCR reactions. The oligonucleotides
used for PCR and/or sequencing are listed in Table 1.
Plasmid construction and transformation of Podospora
The HNWD2 locus from a het-R strain was ampliWed with
the oligonucleotides C and D, and cloned in the pCR-XL-
TOPO vector. Then the locus was cloned as a 5.1-kb KpnI-
XbaI fragment into the pCB1004 vector (Carroll et al.
1994) containing the selectable hph marker, and named
pCB-HNWD2. The pCB-HNWD2 vector was used to
transform protoplasts from a het-r het-V1 strain. Prepara-
tion and transformation of protoplasts were performed as
previously described (Bergès and Barreau 1989), and trans-
formants were screened on hygromycin B at 100 g/ml.
Results
HNWD2 shows length polymorphism between het-r 
and het-R strains
The reference P. anserina isolate is called s, and bears the
het-r allele at the het-r locus and the het-V allele at the het-
v locus and will be called het-r het-V strain from now on.
The het-R het-V1 strain bears the het-R allele at the het-r
locus, and the het-V1 allele at the het-v locus (Labarère
1973). The incompatibility interactions involving the het-r
and het-v loci are depicted on Fig. 1. Basically, the het-V
allele is incompatible with the het-V1 allele in an allelic
incompatibility reaction, and is also incompatible with the
het-R allele in a non-allelic interaction. In the progeny of a
cross between the het-R het-V1 and the het-r het-V strains,
one recovers F1 progeny harbouring the het-R and het-V
incompatible alleles in the same nucleus. As the het-R het-
V non-allelic incompatibility is thermosensitive, these SI
F1 progeny can grow as wild type at 32°, but display the SI
phenotype when transferred to the non-permissive tempera-
ture (26°). The same loci are also involved in sexual incom-
patibility as a cross $het-R het-V1 £ #het-r het-V is sterile,
while the reciprocal cross is fertile (Labarère et al. 1974).
Based on the shared properties between the het-c/het-d,
het-c/het-e and het-r/het-v non-allelic incompatibility sys-
tems (suppression by the same mutations and genetic insta-
bility), we hypothesized that het-r might be allelic to one of
the HNWD gene family members (Fig. 1). We reasoned that
as for the het-d and het-e genes, diVerences in the alleles of
the het-r locus might lie in the number of WD40 repeats of
the WD domain (Saupe et al. 1995a, 1995b; Espagne et al.123
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Curr Genet (2009) 55:93–102 972002). Therefore, we PCR ampliWed and compared the WD
domains of the HNWD1, HNWD2 and HNWD3 loci
between the het-R het-V1 and het-r het-V strains. As shown
in Fig. 1, alleles at the HNWD1 and HNWD3 loci result in
amplicons of identical size, suggesting that these genes
encode the same number of WD40 repeats in both isolates.
The size of the HNWD1 WD repeat amplicon suggests
presence of twelve repeats, while HNWD3 would encode
ten WD40 repeats. In contrast, the length of the PCR prod-
ucts corresponding to the WD40 repeat domain from the
HNWD2 locus was diVerent between the het-R het-V1 and
the het-r het-V strains. The ampliWcation produced a frag-
ment of about 500 bp from the het-r het-V strain, the
expected size for a WD domain made of only one WD40
repeat, while a fragment of about 1.8 kbp was ampliWed
from the het-R het-V1 strain corresponding to the expected
size for a WD domain made of 11 WD40 repeats.
Genetic linkage between HNWD2 size polymorphism and 
het-r
We analysed the genetic linkage between length polymor-
phism at the HNWD2 locus and the het-R and het-r pheno-
types in incompatibility. A het-R het-V1 strain was crossed
with a het-r het-V strain and the phenotypes of the F1 prog-
eny were determined by their aspects after germination to
identify (SI) strains, and by barrage testing for the other
progeny. Note that this approach allows to identify het-R
het-V [(SI) strains] and het-r het-V strains with certainty,
but does not allow to discriminate strains with the het-R
het-V1 genotype from strains with a het-r het-V1 genotype
because of the allelic incompatibility reaction between het-
V and het-V1 alleles (Fig. 1). We thus focused our analysis
on a set of 20 het-R het-V and 20 het-r het-V progeny.
AmpliWcations of the WD repeat region of the HNWD2
locus were performed for these progeny. All the progeny of
the het-r het-V genotype as well as the het-r het-V parental
strain produced the small 500-bp amplicon. All the progeny
of the het-R het-V genotype as well as the het-R het-V1
parental strain produced the large 1.8-kbp amplicon. We
conclude from this experiment that the HNWD2 locus is
genetically linked to the het-r incompatibility locus which
further suggested that HNWD2 could be allelic to het-r.
The HNWD2 allele confers het-R phenotypes
To conWrm allelism between HNWD2 and het-r, we set out
to demonstrate that the HNWD2 allele from the het-R strain
carries the information to confer the het-R phenotype. The
entire HNWD2 gene was ampliWed from the genomic DNA
of a het-R strain with primers C and D (Table 1), cloned and
transformed in a het-r het-V1 strain. As the recipient strain is
incompatible with the het-r het-V tester strain because of the
allelic het-V het-V1 incompatibility reaction (Fig. 1), inte-
gration of an active het-R allele in the recipient strain will
not alter the barrage phenotype of the strain. However, inte-
gration of a functional het-R allele is expected to confer a
female sterility in crosses with a het-V strain used as male
parent (Labarère et al. 1974). Consequently, 107 transfor-
mants were used as females in fertility tests with both a het-
r het-V and a het-R het-V1 strain as the male parent. Strains
expressing a het-R transgene are expected to be fertile when
crossed with a het-R het-V1 male but sterile when crossed to
a het-r het-V male. The majority of the transformants were
fertile with both parents. However, one transformant (S1)
was fertile when crossed with the het-R het-V1 strain but
sterile with the het-r het-V strain, while two transformants
(S2 and S3) were sterile when crossed with both parents
(Fig. 2). These transformants were further characterized at
the molecular level. For the three of them, PCR ampliWca-
tion with primers E and F speciWc of the HNWD2 locus
yielded two bands, one corresponding to HNWD2 allele of
the recipient strain, and one corresponding to transformed
ectopic HNWD2 allele (Fig. 2) conWrming that the entire
transgene was integrated in these transformants.
These three transformants were individually crossed
with the het-r het-V strain. For the three crosses, the forma-
tion of asci in the perithecia appeared abnormal to various
degrees with generally few mature asci containing four
spores (Fig. 3). We were nonetheless able to isolate a
Fig. 2 Selection of HNWD2 
transformants. a het-r het-V1 
strains transformed with the 
HNWD2 gene were assessed for 
their fertility with a het-r het-V 
male fertilizer strain. b PCR 
ampliWcation of the HNWD2 lo-
cus from het-r het-V and het-R 
het-V1 control strains and from 
three sterile HNWD2 transfor-
mants S1–S3
BA
he
t-R
he
t-r
4200bp
2800bp
S1 S2 S3
fertile
sterile
fertile
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98 Curr Genet (2009) 55:93–102number of homokaryotic spores from each cross. For each
cross we found F1 progeny that displayed a clear SI pheno-
type at 26°. Growth of these F1 progeny was restored when
transferred to 32°C as expected for the het-R/het-V incom-
patibility system. We conclude that the HNWD2 allele
ampliWed from the het-R het-V1 strain confers the thermo-
sensitive het-R activity in incompatibility. The diVerent
female sterility phenotypes with a het-V male of the trans-
formants might be due to variation in the expression levels
of the transgenes. The transformants were also crossed with
a het-r het-V mod-C1 strain. mod-C1 is a mutation that sup-
presses the het-R het-V incompatibility reaction leading to
easily identiWed SIM phenotype characterized by a myce-
lium devoid of any aerial Wlaments but with a more intense
pigmentation (Labarère and Bernet 1977). These crosses
again produced few mature perithecia and we could only
isolate a limited number of spores. However, from the cross
with the S1 transformant, we recovered one progeny that
displayed a SIM phenotype (Fig. 3). The hygromycin resis-
tance phenotype of this strain strongly conWrms presence of
the ectopic HNWD2 allele. This is consistent with mod-C1
suppressing the incompatibility reaction conferred by the
HNWD2 gene ampliWed from the het-R strain.
The low frequency of transformants leading to expres-
sion of the het-R phenotype is comparable to what was
observed during the cloning of the het-e1 allele, when
transformations with cosmids bearing a functional het-e1
allele yielded only about 5% of transformants with the het-
E phenotype (Saupe, unpublished). This low yield of active
transformants with members of the HNWD gene family
might be due to rearrangements in the repeat region of these
genes during the transformation procedure. In addition, the
sterility phenotype of transformants as females is expected
to be recessive. Indeed heterokaryotic transformants (the
majority of transformants) associating transformed and
untransformed nuclei will appear fertile through production
of perithecia from untransformed nuclei. Our screen thus
allows for the identiWcation of het-R activity in homokary-
otic transformants only.
Mutants of het-r are aVected at the HNWD2 locus
As already reported, SI strains spontaneously give rise to
mutant sectors that escape cell death through mutations in
het-d, het-e or het-r [for review (Saupe 2000)]. We have
isolated two such mutants (H9 and M10) that resumed
growth from a SI het-R het-V strain maintained at 26°C, the
non-permissive temperature. When the mutant strains H9
and M10 are confronted to a het-r het-V1 tester strain a bar-
rage is observed indicating that incompatibility between the
het-V and het-V1 loci is functional. In contrast, no barrage
is observed when the mutant strains are confronted to the
het-r het-V strain (Fig. 4). These observations indicate that
the mutant strains have maintained active alleles at the het-
v locus but both harbour an inactive het-r allele. This was
conWrmed in female sterility tests. Both mutant strains
indeed produced perithecia Wlled with mature spores when
fertilised with male het-r het-V conidia (data not shown).
As genetic instability is often associated to repeated
sequences (Dudas and Chovanec 2004), we analysed the
size of the WD repeat domain of the het-r locus in the
mutants H9 and M10. As shown in Fig. 4, the het-r locus
Fig. 3 het-R phenotype in incompatibility conferred by the HNWD2
gene. F1 spores from a cross between HNWD2 transformants and a het-
r het-V strain were seeded and grown at a 26°C and b 32°C. Two
spores display clear SI phenotypes (arrowheads) as opposed to two
self compatible spores. c F1 progeny of the cross between the S1 trans-
formant and the het-r het-V mod-C1 strain displaying a WT phenotype,
a SIM phenotype associated to suppression by mod-C1 of the incom-
patibility between the ectopic HNWD2 and het-V genes, and a mod-C1
phenotype
26°CA
32°CB
C
mod-C1
SI
mod-C1
WT
26°C123
Curr Genet (2009) 55:93–102 99amplicon of the WD repeat domain are about 1.4 and
1.6 kbp in size in the H9 and M10 mutant isolates, corre-
sponding to WD repeat domains containing è and 9 WD
repeat units, respectively. It thus appears that the mutations
that occurred in these two mutants correspond to deletions
of WD repeat units of HNWD2, likely similar to “pop out”
mutations described for many repeat sequences (Dudas and
Chovanec 2004).
From the above two experiments, we conclude that the
HNWD2 allele isolated from a het-R strain is both neces-
sary and suYcient to confer the het-R activity, in other
words that HNWD2 is allelic to the het-R incompatibility
gene.
WD40 repeat domain deWnes allelic speciWcity of het-r 
and het-R alleles
We sequenced the entire HNWD2 allele conferring the het-
R activity and compared it to the HNWD2 locus identiWed
in the P. anserina genome sequence of the S strain
(Espagne et al. 2008). The sequenced S strain is of the het-r
genotype. Interestingly, diVerences between both alleles lie
only in the WD repeat domain, the remaining of the
sequences being identical. This indicates that as for the het-
d and het-e loci, allelic speciWcity is determined by the WD
repeat domain sequence and length variation. We also
sequenced the WD40 repeat domain of the het-r locus from
the s strain we used in our analysis and found that it
encodes for a unique WD40 unit sequence. A schematic
representation of the diVerent het-r alleles is presented in
Fig. 5. The variation of the number of WD40 repeat
sequences is best explained by the fact that these repeated
sequences of all members of the HNWD gene family are
evolving in a concerted manner (Paoletti et al. 2007), a
mechanism known to lead to variations in the number of
repeated units.
The het-r locus is polymorphic in natural isolates
We have analysed the size of the WD domain of the het-r
locus in a sample of ten natural isolates of P. anserina ran-
domly chosen from a collection already described (van der
Gaag et al. 2000; van Diepeningen et al. 2008) or retrieved
from the CBS (Centraal Bureau voor Schimmelcultures,
Utrecht, The Netherlands), thereby extending our previous
analysis of natural isolates from France (Paoletti et al.
2007). The number of WD40 repeats was deduced from the
size of the WD repeat domain amplicons, and are reported
in Table 2. As expected the size of the WD repeat domain
displays extensive polymorphism with the number of WD
repeats ranging from one (as for the inactive het-r allele) to
14. Surprisingly however, we observe now that six out of
ten isolates possess a larger WD repeat domain (more than
ten repeats) while our previous analysis revealed that six
out of seven isolates had small WD repeat domains of two
to four WD40 repeats (Paoletti et al. 2007). Finally, note
that we observed two amplicons corresponding to WD
repeat domains containing 11 and 14 WD40 repeat units in
the strain CBS333.63, indicating that this strain is heteroall-
elic at the het-R locus.
Fig. 4 Mutants H9 and M10 of 
het-r are aVected in the WD 
repeat domain of HNWD2. 
a Incompatibility tests against 
the het-r het-V and het-R het-V1 
tester strains. The barrage 
indicated by an arrowhead 
indicates incompatible 
interactions. b PCR 
ampliWcation of the WD repeat 
domain of the HNWD2 locus 
from the het-r het-V and het-R 
het-V1 parental strains and from 
the mutant strains H9 and M10
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Fig. 5 Schematic representation of the het-r alleles. het-R corresponds
to the active allele, het-rs to the inactive allele present in the s strain and
het-rS to the inactive allele present in the sequenced S strain, and H9
and M10 to the alleles present in the mutant strains selected
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The analysis of the recently sequenced genome of P. anse-
rina (Espagne et al. 2008) allowed us to identify the HNWD
gene family to which the two vegetative incompatibility
genes het-d and het-e belong (Paoletti et al. 2007). Mem-
bers of this gene family encode for the fungal speciWc HET
domain responsible for the cell death reaction associated to
vegetative incompatibility (Paoletti and Clavé 2007), as
well as a WD repeat domain whose repeated units undergo
concerted evolution (Paoletti et al. 2007). We now report
that HNWD2 is also an incompatibility gene as it corre-
sponds to the long identiWed het-r gene (Labarère 1973). In
addition, phylogenetic analysis of the members of this gene
family based on the HET and NACHT domain sequences
reveals that conWrmed VI genes are interspersed with other
HNWD genes (Fig. 6). These observations provide evi-
dence that all HNWD genes might be involved in incompat-
ibility. These genes could have escaped genetic
identiWcation as VI genes because the limited population of
wild-type isolates which were analysed did not include the
proper combinations of alleles. Indeed, it has been demon-
strated in Cryphonectria parasitica that VI genes in a popu-
lation are not necessarily active in another population
(Milgroom and Cortesi 1999). It is possible that active
HNWD alleles are absent from the analysed population.
Alternatively, our population could lack the incompatible
partners (het-c, het-v or others) necessary to reveal HNWD
gene activities in incompatibility. One would expect that
extending the genetic characterization of additional natural
isolates would unravel the proper combinations of alleles to
detect incompatibility at the remaining HNWD loci. In that
respect, it is relevant to note that mutagenesis experiments
have lead to the creation of new incompatibility genes inde-
pendent from het-d, het-e or het-r but that shared properties
with these three HNWD genes (Delettre and Bernet 1976).
These observations would be readily explained by modiW-
cations of the remaining HNWD through rearrangements of
the WD repeat sequences leading to incompatible combina-
tions with the resident het-c or het-v alleles.
As for het-d and het-e, speciWcity of het-r alleles is deW-
ned by the WD repeat sequence (Espagne et al. 2002). WD
repeat domains adopt a  propeller structure usually includ-
ing seven WD repeat units (Smith et al. 1999). It is thus
likely that the het-r alleles we identiWed, encoding for one
or three WD40 repeat sequences only, lead to non func-
tional WD repeat domains thereby preventing recognition
of the incompatible HET-V partner. However, determina-
tion of the speciWcity of WD repeat domains appears more
complex than a mere problem of number of repeats. Indeed
all known het-D and het-E alleles active in incompatibility
encode for at least ten WD40 repeats while alleles with ten
or more repeats are not necessarily active in the process
(Espagne et al. 2002). The sequence of WD40 repeat units
is thus also important in speciWcity determination. It thus
appears possible that diVerent alleles might display the het-
R phenotype deWned as an incompatible reaction with het-
V. We also conWrm that variation of the number of WD40
repeat units and thus variation in the sequence of this
WD40 repeat domain at the het-R locus is frequent in wild
isolates as was already observed (Paoletti et al. 2007).
Interestingly however, in our previous report analysing
isolates from France we found that most isolates displayed
a small number of WD40 repeats at the het-R (then called
HNWD2) locus. We now analysed isolates from other
populations and Wnd that seven of these natural isolates dis-
play ten or more repeats, suggesting that in these isolates
the het-R gene might be functional. It would seem that
activity of het-R in incompatibility varies in diVerent popu-
lations as already observed for some incompatibility genes
in Cryphonectria parasitica (Milgroom and Cortesi 1999).
Variation of the number of repeats at the HNWD loci in the
Table 2 Number of WD40 repeats at the het-R locus in natural isolates of P. anserina from Wageningen, The Netherlands (Wa-numbers), and
from Central African Republic and Argentina (CBS253.71 and CBS333.63, respectively)
a Indicates isolates from France previously analysed by Paoletti et al. (2007)
Isolates
Wa2 Wa3 Wa5 Wa6 Wa20 Wa21 Wa25 CBS253.71 CBS333.33 Da Ea Ma Sa Ya Za
Number of repeats 1 10 11 1 12 11 11 11 11 + 14 4 4 11 3 4 4
Fig. 6 Neighbor-joining phylogenetic tree constructed with DNA
sequences of the HNWD gene family members encoding for the HET
and NACHT domains. The WD40 repeat sequences were excluded
from the alignment. The light gray shading indicates family members
involved in incompatibility reactions with het-C and the dark gray
shading indicate incompatibility with het-V
HNWD1
het-d
het-r
HNWD3
het-e
1000
0.02123
Curr Genet (2009) 55:93–102 101natural population as well in the two mutants of the het-R
gene that we selected here also suggests that the repeated
nature of the WD40 repeat sequences is at the origin of the
genetic instability of HNWD loci.
Interestingly het-d and het-e interact with het-c, a unique
gene in P. anserina genome encoding a glycolipid transfer
protein (Saupe et al. 1995a, b), while het-R interacts with
het-V (Labarère 1973), a gene that has not been character-
ized yet, indicating that HNWD proteins are able to recog-
nize diVerent partners. Because of the possibility of
exchange of WD40 repeats between loci, it might well be
possible that some het-r alleles will be able to recognize
het-c alleles, and reciprocally that het-d and het-e alleles
will be able to recognize het-v alleles.
Acknowledgments We wish to thank Dr. F. Ness for critical reading
of the manuscript, Mme M. Sicault for invaluable technical assistance,
and the EU (Transdeath grant # 511983), the Agence Nationale pour la
Recherche (ANR SexDevMyco # NT-1_41707) and the Conseil
Régional d’Aquitaine (#2005130009AB) for funding.
References
Belcour L, Bernet J (1969) Sur la mise en évidence d’un gène dont la
mutation supprime spéciWquement certaines manifestations d’in-
compatibilité chez les Podospora anserina. Compte Rendu de
l’Académie des Sciences de Paris. 269:712–714
Bergès T, Barreau C (1989) Heat shock at an elevated temperature im-
proves transformation eYciency of protoplasts from Podospora
anserina. J Gen Microbiol 135:601–604
Bernet J (1971) Sur un cas de suppression de l’incompatibilité cellu-
laire chez le champignon Podospora anserina. C R Acad Sci
Hebd Seances Acad Sci D 273:1120–1122
Biella S, Smith ML, Aist JR, Cortesi P, Milgroom MG (2002) Pro-
grammed cell death correlates with virus transmission in a Wla-
mentous fungus. Proc Biol Sci 269:2269–2276
Carroll AM, Sweigard JA, Valent B (1994) Improved vectors for select-
ing resistance to hygromycin. Fungal Genet Newsl 41:20–21
Cortesi P, McCulloch CE, Song H, Lin H, Milgroom MG (2001) Ge-
netic control of horizontal virus transmission in the chestnut
blight fungus, Cryphonectria parasitica. Genetics 159:107–118
Debets F, Yang X, GriYths AJ (1994) Vegetative incompatibility in
Neurospora: its eVect on horizontal transfer of mitochondrial
plasmids and senescence in natural populations. Curr Genet
26:113–119
Delettre YM, Bernet J (1976) Regulation of proteolytic enzymes in Po-
dospora anserina: selection and properties of self-lysing mutant
strains. Mol Gen Genet 144:191–197
Dudas A, Chovanec M (2004) DNA double-strand break repair by
homologous recombination. Mutat Res 566:131–167
Espagne E et al. (2008) The genome sequence of the model ascomy-
cete fungus Podospora anserina. Genome biology
Espagne E, Balhadere P, Begueret J, Turcq B (1997) Reactivity in veg-
etative incompatibility of the HET-E protein of the fungus Podos-
pora anserina is dependent on GTP-binding activity and a WD40
repeated domain. Mol Gen Genet 256:620–627
Espagne E, Balhadere P, Penin ML, Barreau C, Turcq B (2002) HET-
E and HET-D belong to a new subfamily of WD40 proteins
involved in vegetative incompatibility speciWcity in the fungus
Podospora anserina. Genetics 161:71–81
Glass NL, Dementhon K (2006) Non-self recognition and programmed
cell death in Wlamentous fungi. Curr Opin Microbiol 9:553–558
Glass NL, Rasmussen C, Roca MG, Read ND (2004) Hyphal homing,
fusion and mycelial interconnectedness. Trends Microbiol
12:135–141
Kaneko I, Dementhon K, Xiang Q, Glass NL (2006) Nonallelic inter-
actions between het-c and a polymorphic locus, pin-c, are essen-
tial for nonself recognition and programmed cell death in
Neurospora crassa. Genetics 172:1545–1555
Koonin EV, Aravind L (2000) The NACHT family—a new group of
predicted NTPases implicated in apoptosis and MHC transcrip-
tion activation. Trends Biochem Sci 25:223–224
Labarère J (1973) Properties of an incompatibility system in Podos-
pora anserina fungus and value of this system for the study of
incompatibility. C R Acad Sci Hebd Seances Acad Sci D
276:1301–1304
Labarère J (1978) L’incompatibilité protoplasmique chez le champi-
gnon Podospora anserina: Etude génétique et biochimique, rela-
tion avec certains aspects du dévelopement et de la
morphogénèse. PhD thesis
Labarère J, Bernet J (1977) Protoplasmic incompatibility and cell lysis
in Podospora anserina. I. Genetic investigations on mutations of
a novel modiWer gene that suppresses cell destruction. Genetics
87:249–257
Labarère J, Begueret J, Bernet J (1974) Incompatibility in Podospora
anserina: comparative properties of the antagonistic cytoplasmic
factors of a nonallelic system. J Bacteriol 120:854–860
Lecellier G, Silar P (1994) Rapid methods for nucleic acids extraction
from petri dish-grown mycelia. Curr Genet 25:122–123
Maizels N (2005) Immunoglobulin gene diversiWcation. Annu Rev
Genet 39:23–46
Milgroom MG, Cortesi P (1999) Analysis of population structure of
the chestnut blight fungus based on vegetative incompatibility
genotypes. Proc Natl Acad Sci USA 96:10518–10523
Milgroom MG, Cortesi P (2004) Biological control of chestnut blight
with hypovirulence: a critical analysis. Annu Rev Phytopathol
42:311–338
Mondragon-Palomino M, Gaut BS (2005) Gene conversion and the
evolution of three leucine-rich repeat gene families in Arabidop-
sis thaliana. Mol Biol Evol 22:2444–2456
Paoletti M, Clavé C (2007) The fungus-speciWc HET domain mediates
programmed cell death in Podospora anserina. Eukaryot Cell
6:2001–2008
Paoletti M, Saupe SJ, Clavé C (2007) Genesis of a fungal non self
recognition repertoire. PLoS ONE 2:e283
Pinan-Lucarré B, Paoletti M, Clavé C (2007) Cell death by incompat-
ibility in the fungus Podospora. Semin Cancer Biol 17:101–111
Saupe SJ (2000) Molecular genetics of heterokaryon incompatibil-
ity in Wlamentous ascomycetes. Microbiol Mol Biol Rev
64:489–502
Saupe S, Descamps C, Turcq B, Begueret J (1994) Inactivation of the
Podospora anserina vegetative incompatibility locus het-c,
whose product resembles a glycolipid transfer protein, drastically
impairs ascospore production. Proc Natl Acad Sci USA 91:5927–
5931
Saupe S, Turcq B, Begueret J (1995a) A gene responsible for vegeta-
tive incompatibility in the fungus Podospora anserina encodes a
protein with a GTP-binding motif and G beta homologous
domain. Gene 162:135–139
Saupe S, Turcq B, Begueret J (1995b) Sequence diversity and unusual
variability at the het-c locus involved in vegetative incompatibil-
ity in the fungus Podospora anserina. Curr Genet 27:466–471
Saupe SJ, Kuldau GA, Smith ML, Glass NL (1996) The product of the
het-C heterokaryon incompatibility gene of Neurospora crassa
has characteristics of a glycine-rich cell wall protein. Genetics
143:1589–1600123
102 Curr Genet (2009) 55:93–102Saupe SJ, Clavé C, Begueret J (2000) Vegetative incompatibility in
Wlamentous fungi: Podospora and Neurospora provide some
clues. Curr Opin Microbiol 3:608–612
Schwessinger B, Zipfel C (2008) News from the frontline: recent in-
sights into PAMP-triggered immunity in plants. Curr Opin Plant
Biol 11:389–395
Smith TF, Gaitatzes C, Saxena K, Neer EJ (1999) The WD repeat: a
common architecture for diverse functions. Trends Biochem Sci
24:181–185
Smith ML, Micali OC, Hubbard SP, Mir-Rashed N, Jacobson DJ,
Glass NL (2000) Vegetative incompatibility in the het-6 region of
Neurospora crassa is mediated by two linked genes. Genetics
155:1095–1104
Tock MR, Dryden DT (2005) The biology of restriction and anti-
restriction. Curr Opin Microbiol 8:466–472
van der Gaag M, Debets AJ, Oosterhof J, Slakhorst M, Thijssen JA,
Hoekstra RF (2000) Spore-killing meiotic drive factors in a natu-
ral population of the fungus Podospora anserina. Genetics
156:593–605
van Diepeningen AD, Debets AJ, Slakhorst SM, Hoekstra RF (2008)
Mitochondrial pAL2–1 plasmid homologs are senescence factors
in Podospora anserina independent of intrinsic senescence. Bio-
technol J 3:791–802
Wu J, Saupe SJ, Glass NL (1998) Evidence for balancing selection oper-
ating at the het-c heterokaryon incompatibility locus in a group of
Wlamentous fungi. Proc Natl Acad Sci USA 95:12398–12403123
